Background: ZFP57 is a maternal-zygotic effect gene that maintains genomic imprinting in mouse embryos. Results: KAP1 facilitates the interaction between ZFP57 and DNA methyltransferases. The KRAB box of ZFP57 is required for maintaining DNA methylation imprint in ES cells. Conclusion: ZFP57 recruits DNA methyltransferases and maintains DNA methylation imprint through KRAB box-mediated interaction. Significance: This work implies that ZFP57 recruits DNA methyltransferases via KAP1 to maintain DNA methylation imprint.
by a cis-acting imprinting control region termed ICR (10) (11) (12) (13) .
DNA methylation at the cytosine residue usually occurs at CpG dinucleotides in mammals (14, 15) . Cytosine methylation is also frequently observed at non-CpG sites in plants as well as in embryonic stem (ES) cells (5, 16) . This modification is catalyzed by DNA methyltransferases (17) . DNA methyltransferase I (DNMT1) is the main maintenance DNA methyltransferase whereas two related DNA methyltransferases DNMT3a and DNMT3b are involved in de novo DNA methylation (18) (19) (20) . DNMT3L does not have its own catalytic enzyme ability, but it can enhance the enzymatic activities of DNMT3a and DNMT3b (21) (22) (23) (24) .
One hallmark of the ICRs is that they contain a germline-derived differentially methylated region (DMR) that is either inherited on the paternal chromosome or on the maternal chromosome (4, 10, 12, 25) . Up until recently it was largely unknown how this differential methylation is established in the germline and stably maintained thereafter. Two maternal-effect genes, PGC7/Stella and Zfp57, were found to play partially overlapping roles in the maintenance of differential DNA methylation at the imprinting control regions (26) (27) (28) (29) . Zfp57 is the first identified mammalian maternal-zygotic effect gene and it has both maternal and zygotic functions (2, 26) . Zfp57 is also required for the establishment of differential DNA methylation at the Snrpn imprinted region in the female germline (26) . Furthermore, ZFP57 associates with the Snrpn DMR based on a chromatin-immunoprecipitation (ChIP) assay in ES cells (26) . Therefore, we hypothesize that ZFP57 may target DNA methyltransferases to the imprinting control regions to establish and/or maintain differential DNA methylation imprint at the imprinting control regions.
In our previous study, ZFP57 was found to be an ES cell-specific gene that is highly expressed in undifferentiated ES cells but dramatically down-regulated during ES cell differentiation (30) . ZFP57 is a member of KRAB zinc finger family of proteins and it is estimated that there are over three hundred members in the human genome (26, 31) . KAP1/TRIM28/TIF1β is the obligate co-factor for KRAB zinc finger proteins, including ZFP57 (32, 33) . Indeed, our previous study confirmed that ZFP57 binds to KAP1/TRIM28/TIF1β both in ES cells as well as in COS cells (26) . KAP1/TRIM28/TIF1β contains multiple functional domains. It has a RING finger at the amino terminus followed by B-Boxes and coiled coil domains (34, 35) . It also has an HP1-binding motif in the middle (36) (37) (38) . Its carboxyl end is composed of PhD and BRM domains which are essential for the interaction of KAP1/TRIM28/TIF1β with histones and other chromatin-associated proteins (39) . The PhD domain also functions as an intramolecular E3 ligase for SUMO modification of the adjacent BRM domain (40) . Indeed, sumoylation of the BRM domain facilitates the recruitment of the SETDB1 histone methyltransferase and the NuRD complex to initiate gene silencing (40, 41) .
In this study, we carried out extensive biochemical interaction analyses to assess whether ZFP57 can interact with DNA methyltransferases either directly or indirectly via an intermediate protein.
We found that ZFP57 does not appear to be able to bind DNA methyltransferases directly. By contrast, KAP1/TRIM28/TIF1β can bind multiple DNA methyltransferases and mediates the interactions between ZFP57 and DNA methyltransferases.
ES cells have been increasingly employed as a model system for studying genomic imprinting (9, 25, (42) (43) (44) (45) (46) . Indeed, we found that ZFP57 maintains DNA methylation imprint at a large subset of imprinted regions in ES cells. This function of ZFP57 requires its KRAB box, suggesting that the interaction between ZFP57 and its cofactor KAP1/TRIM28/TIF1β is essential for the maintenance of DNA methylation imprint.
digestion. The primer pairs used for construction of these KAP1/TRIM28/TIF1β deletion mutants are listed in Table 1 .
The ZFP57 mutant lacking the KRAB domain was similarly constructed by PCR and the primers used are listed in Table 1 . An HindIII/PmeI cDNA fragment containing the Myc epitope tag and the six-histidine tag derived from the pcDNA3.1/Myc-His vector (Invitrogen) was fused to the C-terminus of the cDNAs for the wild-type ZFP57 or the mutant ZFP57 lacking the KRAB box. This fusion was facilitated by an HindIII restriction site introduced into the Zfp57 cDNA at the C-terminus. The pBluescript vector harboring Zfp57 or the mutant Zfp57 cDNA was digested with HindIII and EcoRV before ligation with the HindIII/PmeI cDNA fragment encoding the Myc-His tag. The tagged Zfp57 cDNA or the mutant Zfp57 cDNA was inserted into KpnI and NotI sites of an mammalian expression vector containing the chicken β-actin and CMV hybrid promoter (a gift from Dr. Jianrong Lu of University of Florida).
Transfection
COS cells were split the day before transfection. Plasmid DNA was mixed at appropriate ratios and co-transfected into COS cells with Fugene 6 (Roche). After two days of culture at 37 °C, transiently transfected cells were harvested for co-immunoprecipitation (co-IP) interaction assays.
Isolation of doxycycline-inducible ES clones
ES cells were cultured as previously described (26) . The A2lox ES cell line was used for isolation of doxycycline-inducible ES clones that express FLAG epitope-tagged DNMT3L or DNMT3a (47) . The hybrid cDNA encoding FLAG-tagged DNMT3L or DNMT3a was subcloned into the p2Lox targeting construct (47) . The resultant constructs were transfected, together with pCAGGS-Cre that constitutively expresses Cre recombinase, into A2lox ES cells by electroporation. The transfected ES cells were plated on 10-cm plates seeded with irradiated feeder fibroblast cells. The following day, ES cell culture was switched to growth medium containing 260 µg/ml of G-418. After G-418 selection for one week to 10 days, stably transfected colonies were picked individually and grown on 24-well plates seeded with irradiated feeder fibroblast cells. ES cells derived from these colonies were induced with 1 µg/ml of doxycycline for three days and protein lysate was subjected to Western blot analysis with monoclonal antibody against the FLAG epitope (Sigma) to examine whether the FLAG-tagged DNMT3L or DNMT3a was expressed after doxycycline induction. Candidate ES clones with doxycycline-inducible expression of FLAG-tagged DNMT3L or DNMT3a were used for coimmunoprecipitation interaction assays to detect the interaction between endogenous KAP1 and FLAG-tagged DNMT3L or DNMT3a.
Co-immunoprecipitation (co-IP) interaction assay
Cells were lysed in buffer containing 20 mM of Tris.HCl (pH=7.3), 150 mM of NaCl, 0.5 % of NP-40, 10% of glycerol, 1 mM of PMSF as well as the cocktail of protease inhibitors (Roche). After brief sonication to rupture the cell membrane, the cell lysate was centrifuged and the supernantant was transferred to a new Eppendorf tube. Mouse monoclonal antibody against the FLAG epitope was added to the supernatant and protein A/G beads were added thereafter to precipitate the immuno-complexes.
Bisulphite sequencing
Genomic DNA was isolated from ES cells grown on the 6-well plates coated with 0.1% gelatin for one passage after being cultured in the presence of feeder fibroblasts. These genomic DNA samples were subjected to bisulphite mutagenesis with the EpiTect Bisulfite Kit (Qiagen) or the EZ DNA Methylation Kit (Zymo Research). After the bisulphite treatment, genomic DNA was purified and amplified by PCR with the primers corresponding to the imprinted DMR regions and nonimprinted repeat regions. The amplified PCR product was cloned into the pGEM-T vector system and transformed into competent DH5α cells. Single bacterial colonies were picked and grown on 96-well plates before being sent for sequencing. PCR primers are listed in Table 2 with the exception of the primers for IG-DMR in Figure 6A . Genomic DNA samples were harvested and subjected to the similar bisulphite mutagenesis as above. PCR product amplified from the bisulphite-treated samples was digested with the restriction enzymes that recognize the CpG sites present in the imprinted DMR regions and nonimprinted repeat regions. These CpG sites when unmethylated were sensitive to bisulphite mutagenesis and the restriction enzyme sites were lost, but the restriction enzyme sites were preserved if these CpG sites were methylated. After gel electrophoresis, the methylated product and the unmethylated DNA product displayed different patterns of restriction enzyme digestion. For PCR primers, see Table 2 .
RESULTS
Binding of ZFP57 to KAP1/TRIM28/TIF1β via its KRAB box ZFP57 contains a putative KRAB box (26) . Previously, we found that ZFP57 bound to KAP1 in COS cells when co-expressed (26) . As expected, this interaction appears to be mediated by the KRAB box. When the ZFP57 mutant lacking the KRAB box was co-expressed with KAP1/TRIM28/TIF1β tagged with the FLAG epitope in COS cells, no detectable ZFP57 product was present in the immunprecipitate when the monoclonal antibody against the FLAG epitope tag was used for immunoprecipitation ( Figure 1A ). By contrast, wild-type ZFP57 was present in the immunoprecipitate when it was co-expressed with FLAG-tagged KAP1/TRIM28/TIF1β. These data suggests that the KRAB box is essential for binding of ZFP57 to KAP1/TRIM28/TIF1β, similar to what have been observed in other KRAB zinc finger proteins.
Binding of endogenous ZFP57 to FLAG-tagged KAP1 in ES cells
Previously, we demonstrated that endogenous ZFP57 binds to endogenous KAP1 based on the co-immunoprecipitation (co-IP) result with affinity-purified polyclonal antibodies against ZFP57 (26) . To test if endogenous ZFP57 can also interact with FLAG-tagged KAP1 in a co-IP assay in ES cells, we isolated ES clones that can inducibly express FLAG-tagged KAP1 in response to doxycycline in A2lox ES cells (47) (Figure 1B) . Indeed, we found that endogenous ZFP57 was present in the immunoprecipitate when monoclonal antibody against the FLAG epitope was used for immunoprecipitation ( Figure 1B ), suggesting that endogenous ZFP57 can bind to FLAG-tagged KAP1 in ES cells.
The B-Boxes coiled coil (BCC) domain of KAP1 is essential for its binding to ZFP57 KAP1/TRIM28/TIF1β is a scaffold protein and has multiple functional domains including the RING, B-Boxes, coiled coil, HP1-binding, PhD and BRM domains or motifs (39) . The B-Boxes and the coiled coil domains form the BCC domain. Together with the RING domain, they form the functional RBCC domain. To determine which domain of KAP1/TRIM28/TIF1β is required for its interaction with ZFP57, we have generated a series of KAP1/TRIM28/TIF1β deletion mutants that lack one or two functional domains of KAP1/TRIM28/TIF1β ( Figure 1C ). We found that KAP1/TRIM28/TIF1β mutants lacking a single functional domain of the RING (Lane 3 of Figure 1D ), HP1-binding (Lane 5 of Figure 1D ), PhD (Lane 6 of Figure 1D ), BRM (Lane 7 of Figure 1D ) domain or both PhD and BRM domains (Lane 8 of Figure 1D ) still retained its binding capability. In contrast, the KAP1/TRIM28/TIF1β deletion mutant lacking the BCC domain (Lane 4 of Figure 1D ) or the RBCC domain (Lane 9 of Figure 1D ) did not bind ZFP57 in COS cells when co-expressed. These results suggest that the BCC domain acts as the binding domain of KAP1/TRIM28/TIF1β for ZFP57.
Binding of DNMT3a to the RBCC domain of KAP1
In our previous study, we found that ZFP57 is involved in the maintenance of DNA methylation imprints at multiple imprinted regions (26) . In addition, ZFP57 is required for the acquisition of DNA methylation imprint at the Snrpn imprinted domain. These findings suggest that ZFP57 and its associated complexes may recruit DNA methyltransferases to the imprinting control regions of the affected imprinted domains. Our initial test results indicated that ZFP57 does not bind to DNA methyltransferases directly ( Figure 4 , see below). To examine whether KAP1 may mediate the interactions between ZFP57 and DNA methyltransferases, we performed co-IP assays between KAP1 and DNMT3a when they were co-expressed in COS cells. Interestingly, we found that KAP1 did bind to DNMT3a when coexpressed (Lane 1 of Figure 2A ). Then we used various KAP1 deletion mutants to determine the functional interaction domain of KAP1 that is essential for its interaction with DNMT3a ( Figure  2A ). Similar to the results obtained between ZFP57 and KAP1, the BCC domain is the essential interaction domain of KAP1 for DNMT3a. As shown in Figure 2A Figure 2A ) displayed similar DNMT3a-binding ability to the wild-type KAP1. Furthermore, the truncated protein containing just the RBCC domain was sufficient in binding to DNMT3a (Lane 3 of Figure 2B ). We also found that KAP1 was present in the immunoprecipitate when the monoclonal antibody against the FLAG epitope was used to precipitate DNMT3a-associated proteins (Lane 1 of Figure  2C ). These results suggest that the RBCC domain of KAP1 is both necessary and sufficient for its interaction with DNMT3a.
To examine if there is a distinct domain of DNMT3a that is responsible for this interaction, we employed previously constructed DNMT3a truncation proteins that contain either the Cterminal catalytic domain or the N-terminal noncatalytic domains with or without the PWWP region (48) . Interestingly, these truncated DNMT3a proteins all bound to KAP1 in co-IP when co-expressed in COS cells, although the interaction of the N-terminal non-catalytic domains (Lanes 2 and 3 of Figure 2D ) with KAP1 appeared to be stronger than that of the C-terminal catalytic domain (Lane 4 of Figure 2D ). These results suggest that the N-terminal non-catalytic domain of DNMT3a is the major interaction site for KAP1 and the C-terminal catalytic domain of DNMT3a plays a minor role as well.
The interaction between DNMT3a and KAP1 appears to be specific because a negative control involving the FLAG-tagged EGFP protein did not bind to KAP1 in co-IP when they were coexpressed in COS cells (Lane 1 of Figure 2E ). By contrast, KAP1 was present in the immunoprecipitate when the monoclonal antibody against the FLAG epitope was used for immunoprecipitation to pull down FLAG::DNMT3a-associated proteins in COS cells co-transfected with KAP1 and FLAG::DNMT3a (Lane 2 of Figure 2E ).
Binding of other DNA methyltransferases to KAP1
Since ZFP57 is involved in both acquisition and maintenance of DNA methylation imprints, it is possible that KAP1 will bind to both maintenance as well as de novo DNA methyltransferases. Indeed, we found that KAP1 binds to DNMT1, the major maintenance DNA methyltransferase, in co-IP when co-expressed in COS cells (Lanes 1 and 3 of Figure 3A ). Similarly, this interaction is mediated by the BCC domain of KAP1 since the KAP1 deletion mutant lacking the BCC domain was defective in binding of DNMT1 (Lane 4 of Figure 3A ), whereas all other KAP1 deletion mutants lacking just the HP1-binding (Lane 5) or both the PhD and BRM domains (Lane 6) were capable of binding to DNMT1. Consistent with this, KAP1 was also present in the immunoprecipitate when the monoclonal antibody against the FLAG epitope was used for co-IP against FLAG-tagged DNMT1 when Myc-tagged KAP1 and FLAG-tagged DNMT1 were coexpressed in COS cells (Lane 1 of Figure 3B ). Furthermore, DNMT3L bound to KAP1 as well when they were co-expressed in COS cells ( Figure  3C ).
Interactions between the RBCC domain of KAP1 and DNA methyltransferases appear to be specific
Based on the above co-IP results, the RBCC domain appears to be both necessary and sufficient for the interaction between KAP1 and DNA methyltransferases in COS cells when coexpressed. To further test if this interaction involving the RBCC domain is specific, we also examined the binding between KAP1 and previously identified interaction protein HP1a. As shown in Figure 3D , wild-type KAP1 did indeed bind to HP1a (Lane 5). In contrast, KAP1 mutants lacking either the HP1-binding (Lane 4) or the RBCC domain (Lane 6) were defective in binding to HP1a. These data suggest that the interaction between KAP1 and HP1a requires both the RBCC domain and HP1-binding motif of KAP1. This is distinct from those involving KAP1 and DNA methyltransferases in which only the RBCC domain of KAP1 is required. The KAP1 deletion mutant lacking just the HP1-binding motif retained its ability to bind to DNMT3a (Lane 3 of Figure  3D ), whereas KAP1 without the RBCC domain was completely defective in its binding to DNMT3a (Lane 1 of Figure 3D ). Therefore, the interaction between the RBCC domain and DNMT3a appears to be specific because the KAP1 deletion mutant lacking just the HP1-binding motif did not bind to HP1a even though it contains an intact RBCC domain (Lane 4 of Figure 3D ).
KAP1 mediates the interaction between ZFP57 and DNMT3a
KAP1 binds to ZFP57 via its BCC domain. Similarly, the BCC domain is also the interaction domain between KAP1 and DNMT3a. It is possible that ZFP57 and DNMT3a may not be able to bind to the BCC domain simultaneously due to potential competition for the same binding domain. Alternatively, they may form a ternary complex, with KAP1 as the scaffold protein. To distinguish these possibilities, we co-transfected ZFP57 and FLAG::DNMT3a with or without KAP1 into COS cells and then immunoprecipitated DNMT3a-associated proteins with the monoclonal antibody against the FLAG epitope. Detectable ZFP57 was present in the immunoprecipitate only when KAP1 was included as one of the co-transfected proteins ( Figure 4A ). Consistent with this, KAP1 was also present as one of FLAG::DNMT3a-associated proteins immunoprecipitated with the monoclonal antibody against the FLAG epitope when ZFP57, KAP1 and DNMT3a were co-transfected into COS cells ( Figure 4A ). By contrast, no detectable ZFP57 was observed in the immunoprecipitate from the cell lysate co-transfected with ZFP57 and FLAG::DNMT3a when the antibody against the FLAG epitope was used to precipitate the DNMT3a-associated proteins ( Figure 4A ). These results suggest that ZFP57 does not bind to DNMT3a directly and KAP1 forms a bridge between ZFP57 and DNMT3a ( Figure 10 , see below).
Indirect interaction between ZFP57 and other DNA methyltransferases
Besides DNMT3a, KAP1 bound to DNMT1 via the BCC domain when co-expressed in COS cells ( Figure 3A ). KAP1 also interacted with DNMT3L in a co-IP assay in COS cells ( Figure 3C ). To test if KAP1 also mediates the interaction between ZFP57 and these two DNA methyltransferases, we performed similar co-IP assays for interaction of ZFP57 with DNMT1 or DNMT3L, with or without KAP1 co-transfected into COS cells. Similar to what had been observed between ZFP57 and DNMT3a, ZFP57 was detected in the immunoprecipitate pulled down with the monoclonal antibody against the FLAG epitope only when KAP1 was included as a cotransfected protein, together with the FLAG::DNMT1 or FLAG::DNMT3L ( Figure 4B and Figure 4C ). These results suggest that KAP1 also mediates the interaction between ZFP57 and other DNA methyltransferases, similar to what had been observed between ZFP57 and DNMT3a ( Figure 4A ).
Endogenous KAP1 binds to FLAG-tagged DNMT3a in mouse ES cells
To test if KAP1 binds to DNMT3a in ES cells as well, we isolated doxycycline-inducible ES clones that can express FLAG-tagged DNMT3a in response to doxycycline ( Figure 5A ). Then we used the monoclonal antibody against the FLAG epitope to precipitate FLAG::DNMT3a-associated proteins in doxycycline-induced ES cells. Indeed, KAP1 was detected in the immunoprecipitate from the ES cells in the presence of 1 µg/ml of doxycycline but not from the ES cells without the addition of doxycycline ( Figure 5A ), suggesting that endogenous KAP1 binds to FLAG::DNMT3a in mouse ES cells.
DNMT3L binds to the endogenous KAP1 in ES cells
To test if KAP1 binds to DNMT3L in ES cells, we isolated doxycycline-inducible ES clones that can express FLAG-tagged DNMT3L in A2lox ES cells in response to doxycycline induction ( Figure 5B ). Then we performed co-IP with the monoclonal antibody against the FLAG epitope to precipitate FLAG::DNMT3L-associated proteins. We found KAP1 was present in the immunoprecipitate derived from the ES cells in the presence of 1 µg/ml of doxycycline, but not in that from the ES cells without doxycycline ( Figure  5B ), suggesting that endogenous KAP1 binds to FLAG::DNMT3L in ES cells as well.
ZFP57 maintains DNA methylation imprint in ES cells
We Figures 6A and 6B ). We found that DNA methylation imprint at Snrpn DMR and IG-DMR was lost in Zfp57-null ES cells but not in the wild-type ES cells ( Figures 6A and 6B ). For the H19 DMR, DNA methylation imprint was partially missing in the Zfp57-null ES cells in comparison to the wild-type ES cells ( Figures 6A  and 6B ). By contrast, DNA methylation was stably maintained in non-imprinted repeat regions such as Line-1 elements and IAP repeats ( Figures 6A  and 6B ). These results suggests that ZFP57 is required for the maintenance of DNA methylation imprint at a subset of imprinted regions in ES cells, similar to what we had observed previously in mouse embryos (26) .
Re-introduction of exogenous ZFP57 into

Zfp57-null ES cells
In our previous study, we found that DNA methylation imprint at the Snrpn DMR was regained in about half of the mouse embryos in the presence of zygotic ZFP57 (26) . We wondered whether re-introduction of ZFP57 into Zfp57-null ES cells would lead to reacquisition of DNA methylation imprint at the Snrpn DMR as well. For this, we targeted an expression construct to the hprt locus of Zfp57-null ES cells via homologous recombination, which can constitutively express the exogenous ZFP57 driven by a chicken β-actin and CMV hybrid promoter (see Lanes 4 and 5 of Figure 7A ). Despite that exogenous ZFP57 is highly expressed in two independent ES clones that lack endogenous ZFP57, the DNA methylation imprint was not reacquired at the Snrpn DMR region ( Figure 7C ). With the exception of the H19 DMR ( Figure 7F ), we also observed no effect on other imprinted regions or nonimprinted IAP repeats ( Figure 7B, 7D, 7E ). Methylation was in fact lost at the H19 DMR whose methylation imprint has been shown previously to be relatively unstable in ES cells before (49, 50) . These results suggest that the imprinting memory at the Snrpn DMR and other imprinted regions have been lost in Zfp57-null ES cells and re-introduction of exogenous ZFP57 is not sufficient to re-initiate the acquisition of DNA methylation imprint in ES cells.
The KRAB box of ZFP57 is indispensible for maintaining DNA methylation imprint
Without ZFP57, DNA methylation imprint is lost at a subset of imprinted regions in both mouse embryos as well as in ES cells (26)( Figure  6 ). ZFP57 binds to its cofactor KAP1/TRIM28/TIF1β via its KRAB box (26)( Figure 1A ). To test if this interaction is essential for the role of ZFP57 in maintenance of DNA methylation imprint, we had constructed an ES cell system that can replace the endogenous ZFP57 with the exogenous ZFP57 or its variants constitutively expressed from the chicken β-actin and CMV hybrid promoter inserted into the hprt locus (47)( Figure 8B ). First, we obtained the ES clone (F/F) containing two floxed alleles at the Zfp57 locus that retains DNA methylation imprint at the Snrpn DMR and IG-DMR imprinted regions ( Figure 8A , Lanes 1 and 2 of Figure 9B ). Then a puromycin cassette that contains a canonical LoxP site and a mutant LoxP site (LoxM) as well as a puromycin-resistance gene lacking the initiation codon ATG was inserted into the hprt locus of the ES clone (F/F) through homologous recombination with a targeting vector containing a fragment of the hprt gene ( Figure 8A , data not shown). Next, the plasmid containing Zfp57 (p2lox-Zfp57 in Figure 8A ) or its variants or GFP cDNA was electroporated, together with the plasmid pCAGGS-Cre that can constitutively express Cre recombinase, into the cells of the above ES clone (F/F) carrying the puromycin cassette. Upon transient expression of Cre recombinase from pCAGGS-Cre, both floxed alleles of Zfp57 were excised and expression for the endogenous ZFP57 was terminated ( Figure 8B , Lanes 2-6 of Figure 9A expression constructs carrying the cDNAs for the GFP reporter, the wild-type ZFP57 or the mutant ZFP57 lacking the KRAB box were integrated into the LoxP and LoxM sites at the hprt locus upon Cre recombinase-mediated insertion of the plasmid (p2lox-Zfp57) or its derivatives ( Figures  8A and 8B) . Multiple independent ES clones for each transfected construct were picked individually. As expected, these ES clones express the integrated transgenes (Lane 2 of Figure 9A , wild-type ZFP57 with a tag; Lanes 3 and 4 of Figure 9A , mutant ZFP57 with a tag and no KRAB box; Lanes 5 and 6, EGFP). Green fluorescence was observed for the ES clones expressing EGFP under fluorescence microscope (data not shown). Genomic DNA samples harvested from these ES clones were subjected to COBRA analysis. Indeed, the ES clones expressing GFP had all lost DNA methylation imprint at the Snrpn DMR and IG-DMR in the absence of endogenous ZFP57 upon Cre recombinase-mediated excision (Lanes 3 and 4 of Figures 9B and 9C ). Methylaton imprint was maintained at these imprinted regions in the ES clones that express the wild-type ZFP57 (Lanes 5-7 of Figures 9B and 9C) . By contrast, the DNA methylation imprint was lost at the Snrpn DMR and IG-DMR in the ES clones that constitutively express the mutant ZFP57 lacking KRAB box (Lanes 8-13 of Figures 9B and 9C) . These results indicate that exogenous wild-type ZFP57 but not the mutant ZFP57 lacking the KRAB box can substitute for the endogenous ZFP57 in maintaining DNA methylation imprint in ES cells.
DISCUSSION
It is interesting to find that KAP1 can bind multiple DNA methyltransferases when coexpressed in COS cells. This interaction is mediated by the BCC domain of KAP1. We employed two different strategies to rule out the possibility of non-specific interactions caused by the BCC domain. First, a negative control with a FLAG-tagged EGFP protein was used to test if the full-length KAP1 containing the BCC domain will bind an unrelated protein such as EGFP. As expected no interaction was detected between KAP1 and FLAG::EGFP. Second, we employed a known interaction protein HP1a that binds to another domain (HP1-binding motif) of KAP1 to rule out the possibility that the presence of the BCC domain is sufficient to cause non-specific interactions with other proteins. As shown in Figure 3D , a KAP1 mutant lacking the HP1-binding motif but with an intact BCC domain still did not bind to HP1a. This result suggests that the BCC domain of KAP1 does not bind to other proteins promiscuously and its interactions with DNA methyltransferases appear to be specific.
Based on previously published literature, KAP1 acts as a scaffold protein with multiple functional domains. Thus, we tested the possibility that it can mediate the interaction between ZFP57 and DNA methyltransferases. Indeed, we found that ZFP57 and DNA methyltransferases bound to KAP1 simultaneously when co-expressed in COS cells, suggesting that they can form a complex. This raises an interesting possibility that ZFP57 can recruit DNA methyltransferases to its target regions via KAP1 (Figure 10 ). Consistent with this hypothesis, it was shown that an artificial KRAB box-containing protein can initiate de novo DNA methylation in early mouse embryos (51) . If that is the case, ZFP57 will be the first known transcription factor that can potentially provide sequence-specific targeting activity for DNA methyltransferases to initiate and/or maintain DNA methylation. Intriguingly, KAP1 can bind to both the maintenance DNA methyltransferase and de novo DNA methyltransferases. This indicates that KAP1, like ZFP57, may be also involved in establishment as well as maintenance of DNA methylation imprint (26) . More study is needed to dissect the roles of ZFP57 and KAP1 in these processes.
To test if these interactions originally found in COS cells are physiologically relevant, we employed ES cells as a model system in which ZFP57, KAP1 and DNA methyltransferases are all expressed (30, (52) (53) (54) (55) . KAP1 has been shown to be important for the maintenance and differentiation of embryonic stem cells (53, 56, 57) . In addition, DNA methylation genomic imprint is maintained in ES cells and de novo methylation is established during ES cell differentiation (58) . In our previous study, we found endogenous ZFP57 interacts with endogenous KAP1 (26) . However, we do not have good antibodies against DNA methyltransferases. Therefore, we established doxycycline-inducible ES clones in which FLAG epitope-tagged DNMT3a or DNMT1 can be expressed in response to doxycycline induction. Indeed, they can also bind to the endogenous KAP1 present in ES cells. These results indirectly suggest that endogenous KAP1 interacts with DNA methyltransferases in ES cells and they may form a ternary complex with ZFP57 ( Figure 10) .
To further test if these interactions among ZFP57, KAP1 and DNA methyltransferases are functionally relevant, we have examined the roles of ZFP57 and its KRAB box in DNA methylation genomic imprint in ES cells. Similar to what had been observed in mouse embryos, ZFP57 is also required for the maintenance of genomic DNA methylation imprint at multiple imprinted regions in ES cells (Figure 6 ). In addition, we found that exogenous wild-type ZFP57 but not the mutant ZFP57 lacking the KRAB box could substitute for the endogenous ZFP57 in maintaining genomic imprinting in ES cells ( Figure 9 ). Since KAP1 is the obligate cofactor for KRAB zinc finger proteins including ZFP57 and the KRAB box of ZFP57 is the interaction domain for KAP1, these results imply that the interaction between ZFP57 and KAP1 is essential for maintaining DNA methylation imprint. This also supports our hypothesis that KAP1 facilitates the interaction between ZFP57 and DNA methyltransferases.
Loss of ZFP57 causes loss of DNA methylation imprint at multiple imprinted regions in ES cells ( Figure 6 ). However, re-introduction of the exogenous wild-type ZFP57 into Zfp57-null ES cells did not lead to re-acquisition of DNA methylation imprint at these imprinted regions ( Figure 7 ). This suggests that the imprinting memory may have been lost due to lack of continued presence of ZFP57 in cultured Zfp57-null ES cells that were generated from the ES clones containing one floxed allele and one targeted allele of Zfp57 after Cre recombinasemediated excision (26) . By contrast, DNA methylation imprint was maintained when the exogenous wild-type ZFP57 was expressed presumably before the endogenous ZFP57 disappeared after introduction of Cre recombinase into the ES cells harboring two floxed alleles of Zfp57 (Figure 8 and Figure 9 ). These results suggest that ZFP57 is continuously required for maintaining DNA methylation imprint in ES cells and maintenance of genomic imprinting may be an active process. Similar findings have been discovered previously for the mechanisms of the maintenance DNA methyltransferase DNMT1 in DNA methylation imprint (45, 59, 60) .
Although loss of ZFP57 had no effect on the H19 DMR in mouse embryos (26) , DNA methylation imprint at the H19 DMR region was partially lost in Zfp57-null ES cells as well as in the Zfp57-null ES cells transfected with the wildtype ZFP57 ( Figure 6 and Figure 7F ). This is consistent with the published literature that DNA methylation imprint at the H19 DMR region is relatively unstable in ES cells (49, 50) .
immunoprecipitate. (A) PCR was used to create the cDNA for ZFP57ΔKRAB. FLAG-tagged KAP1 was co-expressed with ZFP57 or ZFP57ΔKRAB in COS cells. (B) Doxycycline-inducible ES clones that can express FLAG-tagged KAP1 were isolated from A2lox ES cells (47) . Co-IP was performed for ES cells grown in the presence (+) or absence (-) of 1 µg/ml of doxycycline (Dox). (C) A diagram for the functional domains of KAP1. HP1, HP1-binding motif. The RING and BCC domains together form the RBCC domain. (D) PCR was used to generate the cDNAs encoding KAP1 deletion mutants that lack one or two functional domains of KAP1. 1, wild-type KAP1; 2, vector only (pcDNA3-FLAG); 3, KAP1ΔRING; 4, KAP1ΔBCC; 5, KAP1ΔHP1; 6, KAP1ΔPhD; 7, KAP1ΔBRM; 8, KAP1ΔPhD-BRM (lacking both PhD and BRM domains); 9, KAP1ΔRBCC.
Figure 2. KAP1 binds to DNMT3a via its RBCC domain.
(A) HA-tagged DNMT3a was co-expressed with FLAG-tagged KAP1 or KAP1 deletion mutants in COS cells. The monoclonal antibody against the FLAG epitope was used to precipitate KAP1-associated proteins and the monoclonal antibody against the HA epitope was used to probe the immunoprecipitate. 1, wild-type KAP1; 2, KAP1ΔRING; 3, KAP1ΔBCC; 4, KAP1ΔHP1; 5, KAP1ΔPhD; 6, KAP1ΔBRM; 7, KAP1ΔRBCC; 8, KAP1ΔPhD-BRM (lacking both PhD and BRM domains). (B) HA-tagged DNMT3a was co-expressed with FLAG-tagged KAP1 or FLAG-tagged RBCC in COS cells. The monoclonal antibody against the FLAG epitope was used to precipitate KAP1-or RBCC-associated proteins and the monoclonal antibody against the HA epitope was used to probe the immunoprecipitate. 1, FLAG::KAP1; 2, vector only; 3, FLAG::RBCC. (C) FLAG epitope-tagged DNMT3a was co-expressed with Myc epitope-tagged KAP1 in COS cells. The monoclonal antibody against the FLAG epitope was used to precipitate DNMT3a-associated proteins and the monoclonal antibody against the Myc epitope was used to probe the immunoprecipitate. 1, FLAG::DNMT3a; 2, vector only. (D) FLAG-tagged KAP1 was co-expressed with HA-tagged DNMT3a or DNMT3a truncation mutants in COS cells. The monoclonal antibody against the FLAG epitope was used to precipitate KAP1-associated proteins and the monoclonal antibody against the HA epitope was used to probe the immunoprecipitate. Arrow, IgG heavy chain. 1, wild-type DNMT3a; 2, N1 mutant of DNMT3a; 3, N2 mutant of DNMT3a; 4, C mutant of DNMT3a. These truncation mutants had been used previously in another study (48) . (E) Myc-tagged KAP1 was co-expressed with FLAG-tagged EGFP or FLAG-tagged DNMT3a in COS cells. The monoclonal antibody against the FLAG epitope was used for immunoprecipitation and the monoclonal antibody against the Myc epitope was used to probe the immunoprecipitate. 1, FLAG::EGFP; 2, FLAG::DNMT3a. (A) Myc-tagged DNMT1 was co-expressed with FLAG-tagged KAP1 or KAP1 deletion mutants in COS cells. The monoclonal antibody against the FLAG epitope was used for immunoprecipitation and the monoclonal antibody against the MYC epitope was used to probe the immunoprecipitate. 1, wild-type KAP1; 2, vector only; 3, wild-type KAP1; 4, KAP1ΔBCC; 5, KAP1ΔHP1; 6, KAP1ΔPhD-BRM. (B) FLAG-tagged DNMT1 was co-expressed with Myc-tagged KAP1 in COS cells. The monoclonal antibody against the FLAG epitope was used for immunoprecipitation and the monoclonal antibody against the Myc epitope was used to probe the immunoprecipitate. 1, wild-type DNMT1; 2, vector only. (C) FLAG-tagged DNMT3L was co-expressed with Myc-tagged KAP1 in COS cells. The monoclonal antibody against the FLAG epitope was used for immunoprecipitation and the monoclonal antibody against the Myc epitope was used to probe the immunoprecipitate. 1, vector only; 2, FLAG::DNMT3L. (D) FLAG-tagged DNMT3a (lanes 1-3) or HP1a (lanes 4-6) was co-expressed with Myc-tagged KAP1 or KAP1 deletion mutants. The monoclonal antibody against the FLAG epitope was used for immunoprecipitation and the monoclonal antibody against the Myc epitope was used to probe the immunoprecipitate. 1, KAP1ΔRBCC; 2, wild-type KAP1; 3, KAP1ΔHP1; 4, KAP1ΔHP1; 5, wild-type KAP1; 6, KAP1ΔRBCC. . KAP1 mediates the interaction between ZFP57 and DNA methyltransferases. ZFP57 and FLAG-tagged DNMT3a, DNMT1 or DNMT3L were co-transfected into COS cells with or without KAP1. The monoclonal antibody against the FLAG epitope was used for immunoprecipitation and polyclonal antibodies against ZFP57 or KAP1 were used to probe the immunoprecipitate. In addition, the monoclonal antibody against the FLAG epitope was used to confirm that equal amount of FLAG-tagged DNMT3a, DNMT1 or DNMT3L was present in the immunoprecipitate. (A) FLAG-DNMT3a was cotransfected with ZFP57 into COS cells with or without KAP1; (B) FLAG-DNMT1 was co-transfected with ZFP57 into COS cells with or without KAP1; (C) FLAG-DNMT3L was co-transfected with ZFP57 into COS cells with or without KAP1. Figure 5 . Endogenous KAP1 binds to exogenous DNMT3a or DNMT3L in mouse ES cells. Doxycycline-inducible ES clones that can express FLAG-tagged DNMT3a or DNMT3L were used for co-IP to examine potential interactions between endogenous KAP1 and FLAG::DNMT3a or FLAG::DNMT3L. The monoclonal antibody against the FLAG epitope was used for immunoprecipitation and polyclonal antibodies against KAP1 were used to probe the immunoprecipitate. Dox, doxycycline. FLAG-tagged proteins were induced by 1 µg/ml of doxycycline added to the ES cell culture. (A) FLAG::DNMT3a; (B) FLAG::DNMT3L. (26) . ES clones containing two floxed alleles of Zfp57 (F/F) were generated by Flp recombinase-mediated excision of the Neo and Zeo cassette flanked by two FRT sites from the targeted allele in the ES clone containing one targeted allele and one floxed allele of Zfp57 (F/T) (26) . Homologous recombination was used to insert a puromycin cassette into the hprt locus containing a canonical LoxP site and a mutant LoxM site as well as a puromycin-resistant gene lacking the initiation codon ATG ( Puro). Similar to the strategy described in the previous study (47) , Cre recombinasemediated recombination was used to generate the ES cell clones for testing whether exogenous ZFP57 or its variants could substitute for the endogenous ZFP57. Diagrams were shown for the ES clone transfected with the plasmid containing the exogenous Zfp57 cDNA before (A) and after (B) Cre recombinase-mediated recombination. (A) The cDNA for the wild-type Zfp57 or the mutant Zfp57 under the control of chicken β-actin and CMV promoter was cloned into the p2Lox vector. The resultant plasmid was co-transfected with a mammalian expression plasmid pCAGGS-Cre that constitutively expresses Cre recombinase into ES cells containing two floxed alleles of Zfp57 and a puromycin cassette at the hprt locus located on mouse X chromosome. (B) Upon transient expression of Cre recombinase, both floxed alleles of Zfp57 were excised. Simultaneously, the constitutive PGK promoter with the initiator codon ATG, together with the cDNA for Zfp57 or its mutants under the control of chicken β-actin and CMV promoter, was integrated onto the LoxP and LoxM sites of hprt locus. The subsequent recombination between two LoxP sites results in in-frame fusion of the constitutive PGK promoter containing the initiator codon ATG and the puromycin-resistance gene lacking the initiator codon ATG, allowing expression of the full-length puromycin-resistant gene (47) . These puromycin-resistant ES clones will also express the exogenous ZFP57 or its variants under the control of the constitutive chicken β-actin and CMV promoter (pCBA). Figure 9 . Exogenous wild-type ZFP57 can substitute for the endogenous ZFP57 in maintaining genomic imprinting. ES clones expressing the exogenous wild-type ZFP57 or the mutant ZFP57 or EGFP from the hprt locus in place of the endogenous ZFP57 were generated as depicted in Figure 8 . Total cell lysate was harvested from these clones for western blot analysis with affinity-purified polyclonal antibodies against ZFP57 (A, top panel). Western blot with an monoclonal antibody against β-actin was also performed for these total cell lysate samples (A, bottom panel). ES clones in Lane 2-6 lack endogenous ZFP57 after Cre recombinase-mediated excision. Lane 1, wild-type TC1 ES cells. Lane 2, an ES clone expressing the wild-type ZFP57 with an Myc epitope tag and a six-histidine tag. Lane 3 and Lane 4, two independent Zfp57(-/-) ES clones expressing the mutant ZFP57 with an Myc epitope tag and a six-histidine tag but without the KRAB box. Lane 5 and Lane 6, two independent Zfp57(-/-) ES clones expressing EGFP. Lane 7, COS cells expressing the wild-type ZFP57 with an Myc epitope tag and a sixhistidine tag. Genomic DNA was isolated from these clones as well as from two ES clones containing two floxed alleles of Zfp57. COBRA analysis was performed at the Snrpn DMR with HhaI (B) and at the IG-DMR of the Dlk1-Dio3 imprinted region with TaqI (C). U, restriction enzyme digestion fragment of unmethylated DNA. M, restriction enzyme digestion fragment of methylated DNA. F1 and F2, two independent ES clones containing two floxed alleles of Zfp57. G1 and G2, two independent Zfp57(-/-) ES clones expressing EGFP. W1-W3, three independent Zfp57(-/-) ES clones expressing the wild-type ZFP57 with an Myc epitope tag and a six-histidine tag. M1-M6, six independent Zfp57(-/-) ES clones expressing the mutant ZFP57 with an Myc epitope tag and a six-histidine tag but without the KRAB box. As shown in the diagram, the zinc finger domain of ZFP57 presumably binds to its target regions such as a differentially methylated region (DMR) in an imprinted domain. The KRAB box of ZFP57 can bind to KAP1 which in turn recruits DNA methyltransferases (DNMT). DNA methyltransferases then can either initiate or maintain DNA methylation at the DMR. 
